Objective: To investigate the image quality (IQ) and apparent diffusion coefficient (ADC) of reduced field-of-view (FOV) diffusion-weighted imaging (DWI) of pancreas in comparison with full FOV DWI. Materials and Methods: In this retrospective study, 2 readers independently performed qualitative analysis of full FOV DWI (FOV, 38 x 38 cm; b-value, 0 and 500 s/mm 2 ) and reduced FOV DWI (FOV, 28 x 8.5 cm; b-value, 0 and 400 s/mm 2 ). Both procedures were conducted with a two-dimensional spatially selective radiofrequency excitation pulse, in 102 patients with benign or malignant pancreatic diseases (mean size, 27.5 ± 14.4 mm). The study parameters included 1) anatomic structure visualization, 2) lesion conspicuity, 3) artifacts, 4) IQ score, and 5) subjective clinical utility for confirming or excluding initially considered differential diagnosis on conventional imaging. Another reader performed quantitative ADC measurements of focal pancreatic lesions and parenchyma. Wilcoxon signed-rank test was used to compare qualitative scores and ADCs between DWI sequences. Mann Whitney U-test was used to compare ADCs between the lesions and parenchyma. 
INTRODUCTION
Diffusion-weighted imaging (DWI) is based on the principles of the Brownian motion of water molecules, i.e., random microscopic motion. This random motion, which results in the diffusion of water molecules, decreases the magnetic resonance (MR) signal when diffusion-sensitizing gradients are applied, and is the basis of the image contrast observed on DWI (1) . DWI is successfully applied to many organs; and recently, the application of DWI to the pancreas has been investigated in several studies on pancreatic neoplasms and inflammatory diseases (2) (3) (4) (5) (6) . In addition, the apparent diffusion coefficient (ADC) from DWI, reflects the diffusivity of lesions. Previous studies indicated that the ADC values of pancreatic adenocarcinoma tend to be lower than those of normal pancreas (2) (3) (4) (5) (6) , and, therefore, ADC could be useful for differentiating pancreatic malignancies from normal pancreatic tissue, although not for differentiating malignancies from other benign or inflammatory lesions (7, 8) . In addition, DWI could provide comparable performance to conventional MRI for the detection of neuroendocrine tumors and is particularly superior in detecting small (0.5-1 cm) and nonhypervascular lesions (9) . Inflammatory diseases such as acute pancreatitis are also assessed with DWI. Shinya et al. (10) reported that DWI could detect acute pancreatitis more clearly than CT without contrast enhancement. However, despite these various applications, the clear shortcomings of pancreas DWI include poor spatial resolution, ghosting, and susceptibility artifacts due to adjacent organs (11, 12) .
Recently, DWI with reduced field-of-view (FOV) in the phase-encoding direction has been developed (13, 14) . This new DWI sequence was initially applied to spinal cord imaging (13, 14) , as this organ is relatively small and prone to distortions. However, this novel sequence allows focus on a single organ of interest instead of unnecessary imaging of whole upper abdominal spaces. Thus, the pancreas is also an attractive organ for this method. A few previous studies of reduced FOV DWI on pancreas showed that this new sequence leads to substantial improvement in image quality (IQ) with reduction of artifacts (15, 16) . However, these studies included a small subset of patients and pancreatic pathologies were not specifically assessed (15, 16) .
Thus, the purpose of our study was to perform qualitative comparisons of IQ and quantitative comparisons of ADC between reduced FOV and full FOV pancreas DWI sequences to evaluate the performance of reduced FOV DWI in patients with various pancreatic diseases. We also assessed whether reduced FOV DWI had clinical utility for differential diagnosis.
MATERIALS AND METHODS
This retrospective study was approved by the Institutional Review Board of Seoul National University Hospital with waiver of patients' informed consent.
Patients
Our radiology database was retrospectively searched between October 2011 and December 2012 to identify patients who were referred to our department for MRI examinations of the upper abdomen for biliary-pancreas evaluation. Patients were examined with the use of our biliary-pancreas MRI protocol including conventional full FOV DWI and reduced FOV DWI at 3T (Magnetom Verio, Siemens Medical Solutions, Erlangen, Germany) using a 32-channel phased-array coil. The study population was determined based on the following criteria: 1) patients with pancreatic diseases that were histopathologically confirmed after MRI; 2) pancreatic lesions larger than 1 cm; Data are number of patients unless otherwise specified. Data in parentheses are percentages. *Data are mean ± standard deviation, † Benign epithelial cysts (n = 3), metastases (n = 2), schwannoma (n = 1), solid pseudopapillary tumor (n = 1), and desmoid tumor (n = 1) were included. IPMC = intraductal papillary mucinous carcinoma, IPMN = intraductal papillary mucinous neoplasm 
MR Examinations
Unenhanced T2-and T1-weighted images were obtained with the Half Fourier Single-shot Turbo Spin Echo sequence (HASTE) and the dual echo in-and opposed-phase Fast Low Angle Shot (FLASH) sequence techniques, respectively. MR cholangiography using 3 MR methods followed: 1) breathhold single-section rapid acquisition with Turbo Spin Echo (TSE), 2) breath hold multi-section HASTE, and 3) respiratory-triggered multisection three-dimensional (3D) TSE (17 
DWI Acquisition
Two-dimensional (2D), fat-suppressed, respiratorytriggered, echo-planar DWI sequences were acquired in the axial plane before contrast injection. For full FOV DWI, generalized autocalibrating partially parallel acquisitions (Siemens Medical Solutions, Erlangen, Germany) with an acceleration factor of 3 was used. Three perpendicular ). The selection of the number of b-values in our hospital was based on the previous studies (18, 19) . A prototype sequence delivered by the manufacturer (Siemens Medical Solutions, Erlangen, Germany) was used for reduced FOV DWI that was performed with a 2D spatially selective radiofrequency (RF) excitation pulse to reduce the FOV in the phase-encoding direction (Fig. 1) . The 2D RF pulse is based on a bipolar planar k-space trajectory, with an analytical pulse shape design approach similar that reported by Alley et al. (20) . This pulse provides independent control of slice thickness and field of excitation in the phase-encoding direction and the prototype sequence allows FOV in phase-encoding direction down to 12.5%. The duration of the 2D RF excitation pulse for the reduced FOV protocol was 13.2 ms, while the corresponding one-dimensional RF excitation pulse of the full FOV protocol had a duration of 4.6 ms. Images of reduced FOV DWI were acquired with b-values of 0, 400, and 800 s/mm 2 . Post-processing software automatically produced ADC maps. In addition, the reduced FOV protocol had a slightly higher specific absorption rate of 0.64 W/kg than full FOV DWI (0.56 W/kg). Detailed imaging parameters were listed in Table 2 .
Image Analysis

Qualitative Analysis
Independent, qualitative image analysis was performed by 2 board-certified abdominal radiologists (with 22 and 7 years of experience in interpreting MR images, respectively). The reviewers were blinded to the patients' information including the pathology and lesion location. All image analyses were performed using picture archiving and communication system software (Maroview 5.4; Infinitt, Seoul, Korea) on a commercial workstation (xw6200; Hewlett-Packard, Palo Alto, CA, USA), with 2, 2048 x 1536-pixel, 20.8-inch monochrome liquid crystal display monitors (ME315L; Totoku Electric, Tokyo, Japan). Both DWI sequences were analyzed using a 4-point scale (1-4) for 1) anatomic structure visualization (1, poorly visualized anatomy and non-diagnostic; 2, fairly delineated pancreas with margin blurring; 3, good delineation of pancreas with a sharp margin; 4, excellent sharpness of the pancreas or clear visualization of the pancreatic duct), 2) pancreatic lesion conspicuity (1, lesion not detectable; 2, merely recognizable lesion-to-background contrast; 3, intermediate lesion-to-background contrast or high contrast with indistinct lesion margin; 4, excellent lesion-tobackground contrast and a clear lesion margin), 3) presence of ghosting, motion or susceptibility artifacts (1, severe and non-diagnostic; 2, moderate; 3, mild; 4, absent), and 4) total IQ score as a sum of the aforementioned 3 parameters After assessing the IQ, readers reviewed anatomic imaging including unenhanced T1-, T2-weighted images, as well as dynamic imaging. The readers were then asked to evaluate the subjective clinical utility of DWI for characterizing , with a strong signal intensity decrease at high b-value and an ADC that was subjectively higher than that of the surrounding pancreas parenchyma (2, 22) . A lesion was considered malignant (mostly adenocarcinoma and neuroendocrine tumor) if it was mildly to moderately hyperintense on DWI at b = 0 sec/ mm 2 and remained hyperintense, as compared with pancreas parenchyma at high b-value, with an ADC qualitatively lower than that of the surrounding parenchyma (3-6, 9). A lesion was considered indeterminate if the above criteria were not met (e.g., if there was a partial signal intensity decrease or isointense ADC). Thereafter, subjective clinical utility of DWI for confirmation or exclusion of initially considered differential diagnosis on conventional imaging was scored with a 4 point scale (23): 1, DWI was not useful for the differential diagnosis of pancreatic lesions as the lesion characterization on DWI was indeterminate or the lesion was invisible; 2, lesion characterization on DWI was consistent with the confirmed diagnostic impression on conventional imaging; 3, DWI helped to confirm the suspected diagnosis on conventional imaging; 4, DWI helped to characterize the lesion as benign or malignant when the conventional imaging findings were indeterminate for characterization (23) .
Quantitative Analysis
Quantitative measurements of the ADC values of pancreas lesions and pancreatic parenchyma were independently performed by a single different radiologist with 4 years of experience in radiology under supervision of the corresponding author. Enhanced T1-weighted images were available for better detection of lesions, if required. The ADC values of the pancreas lesion and pancreas parenchyma were obtained by manually placing a circular region of interest (ROI) on the ADC maps acquired from both the reduced and full FOV DWI sequences. ROIs were placed at near-identical locations on both sequences with care to avoid vessels, cysts, bile ducts, and pancreatic ducts. ) for full FOV images. For ADC measurement of pancreatic lesions, only lesions > 2 cm were measured in order to avoid sampling error. Images with low signal-to-noise ratio (SNR) and/or artifacts were excluded from measurement and patients with several miscellaneous diseases such as benign epithelial cysts, metastases, schwannomas, solid pseudopapillary tumors, and desmoid tumors were also excluded. Therefore, quantitative analysis of pancreatic lesions was performed in 26 patients with adenocarcinoma, 7 patients with noninvasive intraductal papillary mucinous neoplasm (IPMN), 3 patients with intraductal papillary mucinous carcinoma (IPMC), 7 patients with neuroendocrine tumor, 6 patients with serous cystic tumor, and 3 patients with mucinous cystic tumor. In terms of the analysis of pancreatic parenchyma, we strictly confined measurement to the normal parenchyma based on the following criteria: 1) no evidence of ductal obstruction in the head or body; 2) no parenchymal atrophy disrupting ROI placement; 3) no significant imaging artifacts and/or abnormally low SNR. Consequently, quantitative analysis of pancreatic parenchyma was performed in 27 patients.
Statistical Analysis
The Wilcoxon signed-rank test was used to compare the qualitative image analysis scores between reduced FOV and full FOV DWI sequences. Comparisons were made using the average scores between the 2 readers. Interreader agreement for qualitative evaluation was assessed using weighted κ statistics. Inter-reader agreement was considered as slight for κ = 0.00-0.20, fair for κ = 0.21-0.40, moderate for κ = 0.41-0.60, substantial for κ = 0.61-0.80, and almost perfect for κ = 0.81-1.00 (24) . ADC values of various diseases and pancreas parenchyma were also compared between the 2 DWI sequences using the Wilcoxon signed-rank test. 
RESULTS
Qualitative Image Quality Analysis
Reduced FOV DWI showed significantly better scores in anatomic structural visualization (2.76 ± 0.79 at b = 0 s/ Data are mean ± standard deviation. *Wilcoxon signed-rank test was performed between reduced FOV and full FOV sequences using averaged image quality scores of two readers, † Scoring of subjective clinical utility was performed once for each DWI sequence. DWI = diffusion-weighted imaging, FOV = field-of-view, N/A = not available ) (all p < 0.05). In addition, the subjective clinical utility of reduced FOV DWI (3.41 ± 0.64) was also higher than that of full FOV DWI (3.14 ± 0.70) (p < 0.001). MR artifacts were significantly improved on reduced FOV DWI (2.65 ± 0.68) at b = 0 s/mm 2 (full FOV DWI, 2.41 ± 0.63) (p < 0.001), however, no significant difference was noted between reduced FOV (2.83 ± 0.57) and full FOV DWI (2.72 ± 0.45) at b = 400 or 500 s/mm 2 (p = 0.061). Detailed data were shown in Table 3 .
Overall agreement between the 2 reviewers was fair to substantial (Table 4) , and weighted κ between the reviewers ranged from 0.355 to 0.660 for reduced FOV DWI and from 0.251 to 0.618 for full FOV DWI, respectively.
Quantitative ADC Measurements of Pancreas Lesions and Parenchyma
There were no significant differences between reduced FOV and full FOV DWI in the ADC values of various pancreatic lesions and pancreatic parenchyma (all p > 0.05) ( Table 5) /s ± 0.346 at full FOV) were significantly higher than those of parenchyma on both DWI sequences (all p < 0.001). When ADC values were compared among solid tumors of adenocarcinoma, IPMC and neuroendocrine tumor, there were no significant differences on both DWI sequences (reduced FOV, p = 0.075; full FOV, p = 0.115). Likewise, among cystic lesions of the pancreas, there were no significant differences on both DWI sequences (reduced FOV, p = 0.664; full FOV, p = 0.734). Detailed data regarding ADC values were provided in Table 5 .
DISCUSSION
In this study, we comparatively analyzed the IQ of reduced FOV DWI vs. conventional full FOV DWI, in order to evaluate the focal pancreatic lesions and parenchyma. The results indicated that reduced FOV DWI shows better anatomic structural visualization, lesion conspicuity, total IQ as well as subjective clinical utility. In addition, image artifacts were decreased on reduced FOV at both b-values, although a statistical difference between the sequences was seen only at b = 0 s/mm 2 . We also demonstrated that the ADC values of pancreatic lesions and parenchyma on reduced FOV DWI were generally equivalent to those on full FOV DWI. Our study results were in agreement with the previous studies (15, 16) . Although previous studies demonstrated that reduced FOV DWI of the pancreas could produce superior subjective IQ, and generally similar ADC values (15, 16) , as compared to full FOV DWI, they were limited by a small number of patients (n = 10) with focal pancreatic lesions (15) or absence of any focal pancreatic lesions. On the other hand, our study included a much larger study population (n = 102) involving various pancreatic diseases including both benign and malignant conditions. We also confirmed the usefulness of reduced FOV DWI as an added utility to conventional MR imaging for the differential diagnosis of pancreatic lesions. Reduced FOV DWI has previously been applied to other organs including the optic nerve, breast, spinal cord, and prostate gland (13, 14, (25) (26) (27) (28) ; in addition, better IQ (14, 26) , added clinical value (23) and more accurate detection of small focal lesions (25, 26) with reduced FOV DWI has been reported. Our study results were consistent with the previous research results; furthermore, we found that reduced FOV DWI would also be beneficial for the pancreas.
In the present study, qualitative analysis indicated that the visualization of anatomic detail is a notable strength of reduced FOV DWI. Both readers assigned scores of '4' (excellent sharpness of the pancreas or clear visualization of the pancreatic duct) to 13 cases on b = 0 s/mm 2 and to 7 cases on b = 400 s/mm 2 . However, none of the cases received a score of '4' on full FOV DWI for anatomic structural visualization on both b-values. The in-plane resolution of reduced FOV image was approximately 2.2-fold higher than that of full FOV DWI, which probably contributed to the better visualization of anatomic structures. Reduced FOV DWI earned significantly higher scores for lesion conspicuity than full FOV DWI. Since DWI may work as an especially useful modality for detecting iso-intense or iso-attenuating pancreas adenocarcinomas (29, 30) , a small but important subset, improved lesion conspicuity on reduced FOV DWI has clinical significance. In addition, the advantages of reduced FOV DWI for lesion detection would likely be more substantial for smaller lesions. Our study only included lesions > 1 cm, hence, further research with smaller lesions is required.
Reduced FOV DWI earned higher mean scores for imaging artifacts than full FOV DWI, although the difference between 2 sequences was not significant at the higher b-values (b = 400 or 500 s/mm 2 ). Reduced imaging distortions could be achieved by decreased number of acquisition steps and reduction in the echo-planar imaging (EPI) echo train without increase in scan time on reduced FOV DWI with spatially selective RF pulse (16, 31) . In addition, with 2 independent transmit channels, the RF pulses could be optimized for a more homogeneous flip angle distribution through incorporation of B1 field information into the RF pulse calculation (16) . Excluding air-tissue interfaces from the shim volume would also reduce susceptibilityinduced artifacts (26) . Furthermore, reduction of the required number of k-space lines in the phase-encoding direction would enable higher resolution imaging for a fıxed scan time (13) . As pancreas imaging is often disturbed by adjacent air in the stomach and the motion of abdominal organs and aorta during scanning, reduced FOV DWI potentially has strong advantages over conventional single shot EPI. Our study results suggested that the pancreas is a very suitable organ for the application of the reduced FOV DWI, since it lies horizontally to the x axis of the transverse body plane. Thus, a reduced FOV DWI could be included in the pancreas protocol MRI. kjronline.org Quantitative analysis indicated no significant differences between the 2 DWI sequences in the ADC measurements of pancreatic lesions and parenchyma, as previously reported in the literature (14, 15, 26) . ADC values of pancreatic adenocarcinomas and neuroendocrine tumors were significantly lower than those of pancreas parenchyma and mean ADC values of neuroendocrine tumors were lower than those of adenocarcinomas, although no significant differences were noted between the 2 diseases. The histologic grade was a possible reason for the low ADC values of neuroendocrine tumors in our study (32) . Among 7 patients with neuroendocrine tumors, 5 patients had a grade 2 and 1 patient had a grade 3 tumor.
We used a 2D spatially selective RF excitation pulse for the acquisition of reduced FOV DWI in our study. There are several other approaches for reduced FOV DWI, which consist of mainly suppressing or dephasing the signal intensity outside of the desired FOV rather than exciting only the targeted ROI (27, 28, 33, 34) . These methods were applied to the imaging of spinal cords and optic nerves (27, 28, 33, 34) . However, Zaharchuk et al. (14) , reported that these approaches may be suboptimal in the setting of motion or magnetic field inhomogeneities. Thus, it is not easy to exploit these techniques in evaluation of the pancreas.
Apart from the intrinsic limits of any retrospective study, our study had several other limitations. First, a limited spectrum of diseases was included in the study. Imaging of benign diseases such as focal pancreatitis other than malignant neoplasms may provide additional information including lesion detectability and artifacts in the setting of peri-pancreatic inflammation. Second, b-values used in the analysis of reduced FOV were b = 0 and 400 s/mm 2 and those used in full FOV DWI were b = 0 and 500 s/mm 2 . Such a difference in b-value might have affected ADC value measurements, as well as the qualitative image analysis. Furthermore, the difference in the series of b-values (3 b-values for reduced FOV and 9-10 b-values for full FOV DWI) in image acquisition between the protocols and the subsequent disparity in the acquisition time might have affected the overall IQ. Such heterogeneity between the protocols occurred as full FOV DWI with multiple b-values was originally a routine sequence of the biliarypancreas MRI in our hospital, while reduced FOV DWI was implemented more recently as a prototype sequence according to the manufacturer's recommendations. Further study with equal b-values and other imaging parameters is required. Third, the inter-reader agreement of qualitative analysis was only fair to substantial. As qualitative analysis was performed by the 2 readers independently and was not consensus-driven, discrepancy in a few cases was inevitable. Zaharchuk et al. (14) , who dealt with the reduced FOV DWI of human spinal cord, also reported that the weighted κ between the 2 reviewers for the evaluation of susceptibility, resolution, SNR, anatomy, and clinical utility ranged from 0.45 to 0.59, which was comparable to that in our study. A substantial training session prior to the investigation would be required in future studies.
In conclusion, compared to full FOV DWI, reduced FOV DWI of the pancreas provides higher overall IQ as well as better anatomical structure delineation, lesion conspicuity and subjective clinical utility. The greater than 2-fold higher spatial resolution of reduced FOV DWI would help radiologists better evaluate pancreatic diseases in greater detail.
